Aims/hypothesis. The aim of this study was to assess the prevalence of glucokinase gene mutations in Italian children with MODY and to investigate genotype/phenotype correlations of the mutants. Methods. Screening for sequence variants in the glucokinase gene was performed by denaturing gradient gel electrophoresis and direct sequencing in 132 children with maturity onset diabetes of the young (MODY) and in 9 children with chronic fasting hyperglycaemia but without laboratory evidence for Type I (insulin-dependent) diabetes mellitus and with normoglycaemic parents (ªnon-classicalº MODY). Results. Altogether 54 mutations were identified in the MODY group (54/132 or 41 %) and 3 among the ªnon-classicalº MODY individuals (3/9 or 33 %). Paternity testing indicated that the latter mutations have arisen de novo. Mean fasting plasma glucose concentrations of the children with the mutant glucokinase was in the expected impaired fasting glucose range. In contrast, results of the oral glucose tolerance test showed a wide range from normal glucose tolerance (Group 1: 2-h OGTT = 6.7 1.1 mmol/l; 11 patients) to diabetes (Group 2: 2-h OGTT = 11.5 0.5 mmol/l; 9 patients), with the remaining in the impaired glucose tolerance range. Disruptive mutations (i. e. nonsense, frameshifts, splice-site) were equally represented in Groups 1 and 2 and were not clearly associated with an impaired first-phase insulin response. Surprisingly, 5 out of 11 children (or 45 %) in Group 1 were found to be overweight but no children in Group 2 were overweight. Sensitivity index (SI), calculated by a recently described method, was found to be significantly lower in Group 2 than in Group 1 (SI Group 2 = 0.0013 0.0009 ml Kg ±1 min ±1 /mU/ml; SI Group 1 = 0.0068 0.0048, p < 0.0035). Conclusion/interpretation. Mutations in glucokinase are the first cause of MODY among Italian children selected through a low threshold limit of fasting plasma glucose (i. e. > 5.5 mmol). The lack of correlation between the molecular severity of glucokinase mutations, insulin secretion at intravenous glucose tolerance test and differences in glucose tolerance suggests that factors outside the beta cell are also involved in determining post-load glucose concentrations in these subjects. Our results seem to indicate that the differences observed in the 2-h responses at the OGTT among children with MODY 2 could be related to individual differences in insulin sensitivity. [Diabetologia (2001) 44: 898±905] Keywords MODY 2, insulin secretion, insulin sensitivity, glucokinase, BMI, Italy. Abbreviations: GK, glucokinase; HNF 4a, HNF 1a, HNF 1b; hepatocyte nuclear factor 4a, 1a, 1b; IPF-1, Insulin promoter factor 1; FPIR, first-phase insulin response; ICA, islet cell antibodies; IAA, insulin auto-antibodies; DGGE, denaturing gradient gel electrophoresis; DG-DGGE, double gradient DGGE; HOMA-IR, homeostasis model assessment index of insulin resistance.
Maturity onset diabetes of the young (MODY) is an early-onset, autosomal dominant sub-type of Type II (non-insulin-dependent) diabetes mellitus. MODY is not uniform clinically and genetically but is caused by mutations of the enzyme glucokinase (GK) critical to glucose homeostasis (MODY 2) [1] and by mutations of four transcription factors important in pancreatic islet cell biology (HNF 4a, HNF 1a, IPF-1 and HNF 1b in MODY subtypes 1, 3, 4 and 5, respectively) [2±5] . Furthermore, a relevant subgroup of MODY cases has not been explained in molecular terms [6] . The true prevalence of MODY in European populations is not known. However, mutations in HNF 1a (or MODY 3) are the commonest cause of MODY in the UK, Denmark, Scandinavia, Germany, and Spain [7±10], while mutations of GK (or MODY 2) seem to predominate in France [1, 11] .
Our study focuses on the role that GK mutations play a part in the pathogenesis of diabetes mellitus in Italian children. The GK (or hexokinase IV) is a biochemically unique member of the mammalian hexose phosphotransferases which is expressed in pancreatic islet cells, liver and in selected neurons and enterocytes [12±14] . The GK has been conceptualized as a glucose sensor in the pancreatic beta cell, explaining its pivotal role in glucose homeostasis [15, 16] . Individuals with GK mutations usually have a mild form of diabetes with signs of pancreatic betacell and hepatocyte dysfunction [17] . A reduction of beta-cell GK activity or amount increases the glucose threshold for insulin secretion, causing fasting hyperglycaemia which is typical of these patients [18] . Reduced hepatic GK is responsible for a decreased post-meal glycogen accumulation in the liver and increased hepatic gluconeogenesis [19] most probably contributing to the post-prandial hyperglycaemia observed in MODY 2. In general, individuals with GK mutations have normal insulin sensitivity [17, 20, 21] but a moderate insulin resistance has been reported to develop over time [22] .
The aim of our investigation was to assess the prevalence of GK mutations in MODY families who had been identified by the index case in Italian paediatric diabetes clinics. In addition, because of the reported high frequency of de novo mutations arising in the GK gene [11, 23] , we also studied subjects with chronic fasting hyperglycaemia, but lacking laboratory evidence of Type I (insulin-dependent) diabetes mellitus, and with normoglycaemic parents (ªnon-classicalº MODY). We identified 57 mutant alleles of the glucokinase gene. The assessment of the metabolic profile of these MODY 2 patients revealed that some had unexpected discrepancies of their post-load glucose tolerance, varying from normal glucose concentrations at 120' of OGTT to diabetes. Thus, we examined whether these variations in the metabolic status might be related to differences in the molecular severity of the GK mutations, in the first-phase insulin response (FPIR), in the bodymass index (BMI) or in the insulin sensitivity.
Subjects and methods
Patients. The clinical diagnosis of MODY was made in children with diabetes or IFG using the new ADA criteria for fasting blood glucose, with a negative search for the markers of Type I diabetes (i. e. absence of ICA, IAA, ICA512 and/or anti-GAD), and with a family history of Type II diabetes or other forms of derangement of glucose metabolism often found in families with GK mutations, such as gestational diabetes (GD) or IGT for at least two consecutive generations [17, 20, 21] . A family tree showing bi-lineal inheritance for Type II diabetes was not considered a criterion of exclusion. Probands were also detected through a study identifying subjects in early stages of altered glucose homeostasis of Type I diabetes, enrolling all children with an ªincidentalº fasting hyperglycaemia equal to or above the threshold of 5.5 mmol/l, confirmed by a second fasting plasma glucose determination. The threshold was chosen as the value exceeding by two SD the mean of fasting plasma glucose of normal Italian children. Using these criteria, we collected slightly more than 300 families throughout Italy. The entire glucokinase gene has been scanned in 132 families by denaturing gradient gel electrophoresis (DGGE) and has been partially scanned in 60 other families. Because mutations in the GK gene could arise de novo [11, 23 , and D. Iafusco, personal communication] the screening was also extended to 9 children with diabetes (or IFG) and no humoral sign of autoimmunity whose parents have normal glucose tolerance (ªnon-classical MODYº). A total of 60 parents with normal fasting glucose (i. e. < 6.1 mmol) and no family history of diabetes served as control subjects.
Clinical studies. The probands underwent a standard IVGTT (0.5 g/kg body weight), right after confirmation of hyperglycaemia and before any form of therapy was initiated. The sum of insulin values at min 1 and 3 of IVGTT was considered as a measure of the FPIR and compared to the FPIR of 136 Italian children who acted as the control group divided according to the pubertal stage [24] .
About 80 % of these patients also underwent an OGTT for diagnostic purposes (with insulin assay) and the glucose concentration measured at 120 min of the OGTT, denoted as G 120 , was used to classify the subjects.
Assessment of insulin sensitivity. We used two different methods to measure insulin sensitivity in the subjects with GK mutations and normal OGTT (Group 1) and in those with the 2-h glucose value in the diabetic range (Group 2). We used the fasting glucose and insulin values measured immediately before the OGTT (time 0) to calculate the homeostasis model assessment index of insulin resistance (HOMA-IR) according to the formula HOMA-IR = [baseline insulin concentration (mU/ ml)´baseline glucose concentration (mmol/l)]/22.5. In addition, we used the glucose and insulin determinations during the OGTT at 0, 30, 60, 90, 120, and 180 min (the 180-min sample was available in 3 of the 10 subjects belonging to Group 1 and in 7 of the 8 subjects belonging to Group 2) to calculate a recently proposed minimal-model-based index of insulin sensitivity, S I(oral) [25] . Briefly, calculation of S I (oral) requires the investigator to insert values for glucose effectiveness (GE) and for the fraction of ingested glucose that actually appears in the systemic circulation denoted f (i. e., survives gastrointestinal absorption and one-pass hepatic uptake). Generally, indi-vidual estimates of GE and f are not available, and thus mean values derived from the literature must be used. In the present study GE was fixed at 0.024 dl/kg min and f at 0.8 [25] .
Amplification of the GK gene, DGGE, DNA sequencing. The polymerase reaction (PCR) of the 10 exons of the GK gene was done using primer sequences previously described [26, 27] . New primers set by analysing the melting behaviour of each individual exon were also designed to obtain the most favourable DGGE experimental conditions [28] (primer sequences upon request). The DGGE, and in the case of two exons, double-gradient DGGE (DG-DGGE) experiments were conducted as described previously [29, 30] . The DNA sequencing of PCR samples migrating abnormally in DGGE were performed using the BigDye terminator sequencing kit (Perkin Elmer Applied Bio Systems, Foster City, Calif., USA) on a ABI DNA sequencing apparatus 373A (Perkin Elmer).
Paternity test. The DNA profiling of 15 independent polymorphic loci was done using the AMPFlSTR Profiler and AMPFlSTR SGM plus kits (PE Biosystems) following the manufacturer's instructions. Amplicons were run on an ABI 373A sequencer (Perkin Elmer) and automatically read by the Local Southern method, Genescan 3.1 software, Genotyper 2.0. Statistical calculations were carried out with the Essen Moller's formula and available Italian frequency data of alleles. The probability of paternity (W) has been computed by a compound calculation assuming independent segregation of the polymorphic loci located on unlinked chromosomal regions.
Assessment of molecular severity of GK mutations. The new structural model of GK with its binding sites for glucose and MgATP 2± was used to predict the molecular severity of missense mutations [31] . Nonsense mutations, deletions, frameshifts and splice-site mutations were considered as ªsevereº, i. e. equivalent to nonsense mutations.
Statistical analysis. Data are expressed as means SEM, unless stated otherwise. To evaluate differences in G 120 , HOMA-IR, and S I(oral) , in the subjects with normal or diabetic OGTT, we used the nonparametric Mann-Whitney test. Linear regression analysis was used to study the relation between FPIR values calculated from the IVGTT and the insulin concentrations measured at 30 min of the OGTT. Statistical calculations were made using the Statview package for Macintosh. A p value of less than 0.05 was considered statistically significant.
Results
Prevalence of glucokinase gene mutations. A total of 54 mutations were detected in the index case of the 132 MODY pedigrees in which the molecular scanning of the gene has been performed (41 %). In all families the mutation was present in every subject with hyperglycaemia and in none of the normoglycaemic relatives. In one case only (designated TO-12/Q38P) was the mutation not found in the diabetic mother or in the euglycaemic father.
Evidence of de novo mutations in glucokinase. Three of the nine children with chronic fasting hyperglycaemia, negative for serological markers of Type I (insulin-dependent) diabetes mellitus and glucose-tolerant parents (ªnon-classical MODYº), carried a GK mutation (33 %). As expected, DNA sequencing of the parents of the ªnon-classicalº MODY 2 (designated TN-1/G81S, TO-17/M121 1G± > T, NA-34/ R191W) disclosed two wild-type alleles. Paternity was established with high probability (W > 99.99 %) in the three nuclear families (TN-1, TO-17, NA-34) and in family TO12/Q138P, strongly suggesting that all these mutations arose de novo.
A total of 47 of the 57 mutations detected are novel mutations. We found 31 missense mutations (Fig. 1:  R36W, Q38P, H50Y, H50R, D73G, G81S, T103N,  L122V, C129Y, L134P, Q138P, E157K, K169N,  A173S, G175E, G178R, V181A, R191W, R191Q,  G193R, T206M, E221K, G223S, M224T, I225M,  M251I, G261R, G264S, S281F, L415V, S441W) . Some of those were detected in two or more appar- ently unrelated families, residing in different parts of Italy: L134P (twice), Q138P (twice), R191W (four times), G223S (twice), I225M (twice), G261R (three times) (Fig. 1) . All but seven of these mutations were novel, i. e. R36W (24), R191W (35), G261R (1) and Q38P, A173S, T206M and E221K which had been previously found in other Italian families screened abroad [34 and D. Iafusco, personal communication], or in Sardinia [35] or in our laboratory [36] . In particular, the family with the A173S mutation referred to us was clearly related (identical last name) to another family living in the same area [34] . Among the other mutations, two were nonsense mutations (Q26X, S452X) and four were substitutions of a conserved nucleotide at a splice donor site (K15 + 1G > T, M121 + 1G± > T, G227 + 2T± > A, S418 + 1G± > C). The K15 + 1G > T mutation has been found in another Italian family [D. Iafusco, personal communication]. The remaining mutations were single or multiple nucleotide deletions resulting in frameshifts (E9fsdelG, S151fsdelCC, N231fsdelA, S383fsdelC, E93del10, L271del22) and intra-exonic multiple nucleotides in-frame deletions (Y125del, F150del, E395-R403del). The Y125del mutation has been detected in two unrelated families.
We found mutations scattered throughout the coding sequence of the GK gene but, in distinction from other groups, we did not identify any mutation in exon 8 (Fig. 1) . This result prompted us to sequence exon 8 directly in order to exclude DGGE failure in correctly detecting nucleotide changes in this fragment of DNA. Sequence analysis of exon 8 of 54 probands randomly chosen out of the 81 MODY subjects with no evidence of GK mutation after DGGE screening disclosed 108 wild-type alleles.
The DGGE experiments in normal control subjects showed either normal electrophoretic migration or abnormally migrating patterns which corresponded, at sequencing, to previously described polymorphisms. In two families a new polymorphism was detected in intron 2 (±8G± > A).
Characterisation of patients with normal and diabetic glucose tolerance based on 2 h values. The mean age at the first observation of hyperglycaemia (mean fasting plasma glucose: 6.8 0.6 mmol/l in two separate occasions) of children with a GK mutant allele was 7.3 3.3 years. Most of the patients who underwent an OGTT were classified as belonging to the IGT category. However, two groups with an identical mean fasting plasma glucose (Group 1 = 6.3 0.32 vs Group 2 = 6.3 0.32 mmol/l), but differing for G 120 (6.7 1.1 vs 11.5 0.5 mmol/l, p < 0.001, Table 1 ), were also identified. In this evaluation the metabolic data of two previously identified GK mutants [36, 37] were also included. In terms of molecular severity of the mutations found, disruptive mutations were equally represented in the two groups (Group 1: MI-36/Q26X, PV-6/ E93del10, CO-1/S418 + 1G± > C; Group 2: MI-6/ E9fsdelG, RM-C-2/F150del, MI-8/G227 + 2T± > A) and a single missense mutation with predicted strong effect on kinetic properties of the enzyme was present in Group 1 (MI-4/G261R) and in Group 2 (G80S). Of note, the same missense mutation to have only a minor predicted kinetic effect (A173S) was carried by individuals (belonging to different families) in both groups.
In general, the analysis of IVGTT tests (from 49 subjects, including four pairs of siblings; 39 different mutations) showed that FPIR was impaired (i. e. below the 1st centile of Italian children who acted as control subjects) [24] in about half the cases (23 subjects, or 47 %) (38.6 12.6 mU/ml; 50th centile = 145 mU/ml). Furthermore, FPIR values showed a correlation with the insulin levels at 30' of the OGTT (p < 0.0001 by linear regression analysis: r = 0.71, not shown). In the two groups under investigation however (Table 1) , no correlation was observed between the FPIR values and the metabolic status of the patients.
Fasting serum insulin concentrations before the OGTT were very similar in both groups (Group 1 = 5.4 1.1 vs Group 2 = 8.1 1.1 mU/ml; NS), but the HOMA-IR index was 1.51 0.32 vs 2.22 0.29 mmol/l mU/ml (p = 0.06) in Group 1 and Group 2, respectively. Furthermore, the S I(oral) index was 60.6 12.8 10 ±4 dl/kg min per mU/ml in subjects with normal glucose tolerance (Group 1) and 12.5 3.3 (p < 0.01) in those with G 120 in the diabetic range (Group 2).
We then evaluated the effect of body composition on glucose tolerance, using the body mass index (BMI, kg/m 2 ) of these subjects by plotting the result against the BMI charts for French children produced by Rolland-Cachera (relative BMI) [38] . Subjects with a BMI equal to or exceeding the 90th centile of normal subjects were considered overweight/obese [39] . Surprisingly, 5 of the 11 subjects belonging to Group 1 were found to be overweight/obese. The high BMI of these individuals did not apparently influence the FPIR values [40] . In contrast, all individuals classified as diabetic by the OGTT (Group 2) were lean (Table 1) .
Discussion
In a nationwide effort aimed at identifying families with the clinical definition of MODY, we recruited more than 300 children with diabetes, IFG and/or IGT and a positive family history for glucose metabolism disturbances for at least two consecutive generations. After complete screening of the GK gene in 132 MODY families, we identified 54 different mutations (41 %). A similar incidence has been obtained in another group of 46 Italian MODY families recruited in three paediatric centres (19 mutations or 41.3 %; reference 34 and D. Iafusco, R. Lorini, personal communications) and studied abroad (J. Dausset Foundation). The screening of the MODY 3 gene on the same 46 families led to the identification of six HNF 1a mutations (13 %), a result that is confirmed in our MODY 2-negative individuals (O. Massa, F. Barbetti, unpublished observations). The fact that higher prevalence of GK than HNF 1a mutations in Italian families is in contrast with the data from the UK, Denmark and Scandinavia where 58±65 % of all MODY cases have the MODY 3 gene [7±9], but it is in agreement with the higher percentage of GK mutations found in French families [1, 6, 11] . The recruitment source of subjects/families used in Italy (paediatric setting) was different from the one used in the UK, Denmark and Scandinavia (adult setting) and could account for some of this discrepancy. It is probable that adults with GK mutations (i. e. mild hyperglycaemia and no other metabolic symptoms) go to a general pratictioner and not a diabetes clinic. However, ethnic differences could play a part. An investigation into mutations in the GK gene in nine MODY families from Sardinia [35] , a region whose population is known to have genetic differences from the rest of the Italian population, and not included in our study, has identified only two mutations (22 %). It is not clear whether the difference in results from our data is due to the relatively low number of patients or to difficulties in identifying individuals with MODY peculiar to this region, which incidentally has an unusually high prevalence of Type I diabetes.
Of note, our observations of ªnon-classical MODYº showed that several GK mutations associated with hyperglycaemia were found in patients with no evidence of autoimmune diabetes and with normoglycaemic parents (3/9 subjects screened here). These mutations could indeed be the cause of hyperglycaemia, even though there is no association with diabetes in the extended family in these three cases. This conclusion is supported by the fact that one mutation (M121 1G± > T) is a splice-site mutation, which probably results in an inactive protein. Furthermore, the G81S mutation is predicted to have a major impact on GK function by structural analysis and analogy with known contiguous mutations G80S, G80A [11, 32, 36] . The R191W mutation has also been detected in two other Italian families and in a British case [33] associated with hyperglycaemia in affected kin. Finally, mutations apparently arising de novo in the GK gene have been described previously [11, 23] , although paternity testing was performed in one case only [11] . Otherwise, we were able to establish paternity by DNA profiling in all three cases (TN-1, TO-17, NA-34 ) and in another family (TO-12) in which the diabetic mother did not carry the GK mutation. From the clinical point of view our data indicate that, even in the absence of a family history of diabetes, a search for GK mutations in children with mild fasting hyperglycaemia is a worthwhile strategy and could be useful for subsequent genetic counselling. Furthermore the GK gene seems to be particularly prone to develop de novo mutations compared to HNF-1a/MODY 3 (one de novo mutation reported in the literature [41] and A. T. Hattersley, personal communication).
The identification of 57 GK mutations in young Italian children with the MODY syndrome expands the number of currently known, naturally occurring mutations of this enzyme to just over 130 [42] . As in previous studies, this included missense and nonsense mutations, splice variants (donor and acceptor site mutations), frame-shifts and deletions. A glance at Figure 1 shows that the mutations are distributed nearly uniformly over the entire enzyme. It is likely that the majority of these molecular lesions result in proteins that are inactive or have reduced catalytic function. This is certainly the case for nonsense mutations, splice variants, frame-shifts and deletions. The variable functional consequences of missense mutations are predictable (in part at least) from the recent structural model of human beta-cell GK and from the results of previous kinetic studies of recombinant mutant GK studies in MODY-2 [32] . This analysis could then be used to classify missense mutations into two broad groups with moderate and severe catalytic impairment. However, reliable knowledge on the functional consequences of the missense mutations can only be obtained by more careful kinetic studies of recombinant enzymes of the kind already performed [31, 32, 43] . The collection of this large number of GK mutations represents a unique resource for functional and structural exploration of the GK molecule. Furthermore, a recent patent release describes the discovery of a potent new drug that activates GK allosterically (pn WO200058293-A2). It therefore might be possible in the near future to use specific GK activators in the therapy of selected cases of MODY-2.
The cohort of Italian children with the MODY 2 syndrome presents a clinical group picture very similar to that described previously for groups recruited from older populations. The fasting blood sugar is about 7.0 mmol/l, the HbA 1 c values are only moderately higher, ketosis is absent and in most case the outcome of OGTT is commensurate with a diagnosis of impaired glucose tolerance. However, we also observed two groups of subjects (about 20 % of our data set) with relatively broad differences in glucose tolerance. We therefore wondered whether firstphase/early-phase insulin secretion values, which are considered important for efficient suppression of the hepatic glucose production [44] and ultimately for optimal glycaemic control [45±47] could correlate with glucose values at 120' of OGTT and possibly account for the discrepancy. We found that first-phase insulin response was impaired in almost 50 % of the children with a GK mutation, and that FPIR correlated with early-phase (30') insulin secretion at OGTT (p < 0.0001 by regression analysis), but neither of these two parameters correlated with glucose tolerance and/or molecular severity of the GK mutation. In contrast, applying a recently described method for the evaluation of insulin sensitivity [25] , we found that subjects with an OGTT glucose profile in the diabetes range are less insulin sensitive (p < 0.01) than subjects with normal glucose tolerance. We speculate that the individual differences in insulin sensitivity between children with GK mutations might be linked to common diabetogenes of weak effect and/or other modifier genes. Although we have usually found consistently similar FPIR values from different IVGTT tests obtained in the same MODY 2 patient over time, we are aware that both IVGTT and OGTT cannot be considered the gold standard for evaluating insulin secretion and sensitivity and that our data are to be interpreted cautiously. In this context it is remarkable ± and not easily explained ± that an increased BMI does not lead to a deterioration of glucose tolerance. In fact, there is a trend towards amelioration of the MODY 2 syndrome, which is in striking contrast to the negative impact of obesity in typical Type II diabetic adults.
Our clinical and molecular genetic results have highly practical implications for the diagnosis and the genetic counselling of children with MODY 2 and their families. The objective of molecular medicine is to arrive at a precise molecular diagnosis of diseases to develop a rational treatment plan. Modelling data obtained by methods described previously [32] clearly show that a moderately inactivating GK mutation characterized by low activity index of GK [32] should pose much less of a problem for individuals and their offspring than a severely inactivating mutation, which could be lethal if in both alleles. The implications for genetic counselling are obvious, as is the need of obtaining a comprehensive biochemical characterization of each GK mutant. The molecular diagnosis of GK disease should include detailed information on the functional significance of the particular lesion. It should state whether one or both alleles are affected (i. e. GK + /± or GK±/±), what the genetic defect is (e. g. E70K or E70X, etc.) and what the GK activity index is (e. g. 0.3 for a moderately severe inactivating mutant, 2.0 for an activating mutant, etc.) [32, 48] .
